Cortical stiffness is an important cellular property that changes during migration, adhesion, and growth. Previous atomic force microscopy (AFM) indentation measurements of cells cultured on deformable substrates suggested that cells adapt their stiffness to that of their surroundings. Here we show that the force applied by AFM onto cells results in a significant deformation of the underlying substrate if it is softer than the cells. This 'soft substrate effect' leads to an underestimation of a cell's elastic modulus when analyzing data using a standard Hertz model, as confirmed by finite element modelling (FEM) and AFM measurements of calibrated polyacrylamide beads, microglial cells, and fibroblasts. To account for this substrate deformation, we developed the 'composite cell-substrate model' (CoCS model). Correcting for the substrate indentation revealed that cortical cell stiffness is largely independent of substrate mechanics, which has significant implications for our interpretation of many physiological and pathological processes.
Introduction
In vivo, cells respond to the mechanical properties of their environment 1, 2 . As the stiffness of any tissue critically depends on the mechanical properties of its constituent cells, cell mechanics measurements are key to understanding many complex biological processes. Over the last decades, atomic force microscopy (AFM) has emerged as a gold standard to assess the mechanical properties of cells [3] [4] [5] [6] . In AFM measurements, a force is applied to the cell surface, and the resulting deformation is used to calculate an apparent elastic modulus, which is a measure of the cell's stiffness. Depending on the force applied, different cellular structures contribute differently to the measured elastic moduli 6 . AFM indentation measurements of cells using low stresses (force per area) and thus resulting in small strains (relative deformations) mainly probe peripheral cellular structures including the actomyosin cortex 7 and the pericellular coat 8 . The measured apparent elastic moduli can then be interpreted as an effective cortical cell stiffness.
Previous AFM studies suggested that the cortical stiffness of cells increases with increasing substrate stiffness [9] [10] [11] [12] [13] . The application of blebbistatin, which blocks myosin II function and thus cell contractility, abolished the apparent stiffening of the cells on stiffer substrates.
Hence, it was hypothesized that, as cells increase their traction forces on stiffer substrates, the increased pre-stress of the actomyosin network leads to its non-linear stress stiffening and accordingly to an overall stiffening of the cells 9 .
In AFM indentation measurements, the relation between the loading force ‫ܨ‬ and the overall sample indentation ߜ is mostly modeled using the Hertz model 14 , which in the case of a spherical probe is as follows:
where ‫ݎ‬ is the probe radius,
is the cell's Poisson's ratio, which usually is close to is inferred from these quantities based on the key assumption that the sample is deformed but not the underlying substrate (Fig. 1a ). However, while this condition is clearly fulfilled for cells cultured on glass or tissue culture plastics, it may no longer hold for cells cultured on soft matrices mimicking the mechanical properties of the physiological cell environment 16 .
Results

AFM indentation pushes cells into soft substrates
Indeed, when we cultured microglial cells on polyacrylamide substrates with stiffnesses ranging from
and probed them by combined AFM/confocal laser scanning microscopy, forces exerted on the cells led to substantial substrate deformations, in contradiction with analytical assumptions ( Fig.1, Supplementary Fig. 1 ). On stiffer substrates Moreover, the substrate displacement depended linearly on the loading force ( Fig. 1c, d 
when using the standard Hertz model (Equation (1)).
Analytical model to account for substrate deformation
To address this problem, we first considered a simple analytical model to characterize the deformation of an elastic cell in contact with a deformable substrate, similar as two elastic springs in series (Fig. 1f ). The force applied by the cantilever onto the cell is balanced by the elastic deformation of the substrate underneath the cell (i.e., the force experienced by the substrate is the same as that exerted onto the cell). To investigate this substrate deformation in more detail, we combined AFM with Elastic Resonator Interference Stress Microscopy (ERISM) 17, 18 , which quantifies the vertical deformation of deformable substrates with high spatial resolution ( Fig. 2 ). Both the substrate deformation and the stress were maximum under the cell center, where the cantilever was located, and increased linearly with the applied force ( Fig.   2a ). Substrate deformation and stress also decayed approximately linearly away from the cell center until reaching zero ~10 µm away from the cantilever (Fig. 2b) . The shape of the substrate deformation and stress distribution did not vary for different applied forces ( Fig. 2b) .
We therefore assumed an axisymmetric stress distribution with maximum stress of ߪ below the cell center and linear decrease from the center to zero within a distance approximated by the cell radius ܴ (Fig. 2b ). The substrate deformation can then be approximated by the elastic response of a semi-infinite half space due to axisymmetric stress distribution on a circular region 19 , also known as the Boussinesq solution 20 :
for polyacrylamide gels 21 . Note that the cell-substrate contact results in a linear force-indentation relation, because the contact area does not change with indentation. As the maximum stress linearly increased with the applied force but its functional form remained unaltered ( Fig. 2b) , the force-indentation relation will be linear also for any arbitrary cell morphologies.
In contrast, the indentation of the cell follows the non-linear Hertz model 14 :
3)
The measured overall indentation ߜ is then a combination of the indentation of the cell and that of the substrate,
4)
Rearranging Equation ( ) and the analytical fit deviated from the simulated curves ( Fig. 3c Supplementary Fig. 3b ). Hence, the classic Hertz model fit provided the correct cell stiffness only when the substrate stiffness was large compared to the cell stiffness,
, and it significantly underestimated the cell stiffness when it was comparable to or larger than the substrate stiffness,
3e). Similar results
were obtained for other tip shapes ( Supplementary Fig. 4 ) and other cell sizes and shapes such as more spherical or well-spread cells ( Supplementary Fig. 5 ).
In contrast, fitting Equation (5) to the same data, plotted as indentation vs. force ( Fig. 3d ), returned correct mechanical properties of the cells irrespective of substrate stiffness (Fig. 3e ). The measured cell elastic moduli were now similar on soft and stiff substrates and close to the actual values (here
on stiff and
on soft substrates; Fig. 3d ), and the analytical fits matched the simulated curves very well (ܴ ത ଶ 0 . 9 9 9
). In addition to the real cell elastic moduli, the fits also returned the substrate deformability. The shape of the displacement profile at the cell-substrate interface did not vary for different applied forces ( Supplementary Fig. 3c, d ), and the substrate deformation linearly depended on the loading force, as well-predicted from the CoCS model fit ( Supplementary Fig. 3e ). 
Experimental validation using polyacrylamide beads
Cell stiffness is independent of substrate mechanics
Having validated the ability of our new approach to accurately determine the stiffness of samples regardless of substrate stiffness, we sought to determine if cells indeed adjusted their stiffness to that of their environment [9] [10] [11] [12] [13] . As in the bead experiments ( ).
In contrast, the CoCS model fitted both conditions equally well ( Fig. 5c, d ;
) ( Supplementary Fig. 6b ). The apparent deformability of the substrates significantly increased with decreasing substrate stiffness ( Fig. 5e ), confirming that a significant part of the overall indentation measured when applying forces to cells cultured on soft substrates originated from the deformation of the substrate. To test if the observed behavior is specific to microglial cells or a more general phenomenon, we repeated these experiments with fibroblasts, which have previously been suggested to adapt their stiffness to that of their environment 9 . As in our microglia experiments, fibroblasts only showed the apparent softening on softer substrates when using standard Hertz fits but did not show any significant changes in stiffness when analyzed using the CoCS model ( Supplementary Fig. 7a ). Also, similar to the bead and microglia experiments, the CoCS model fitted the fibroblast data on soft and intermediate substrates significantly better than the Hertz model, while both models worked similarly well on stiff substrates ( Supplementary Fig. 7b ).
Together, these data suggested that cells do not adapt their overall mechanical properties to substrate stiffness.
These results were confirmed for samples exhibiting a coat such as pericellular brushes found in some cell types 8, 24, 25 using FEM simulations and PAA beads functionalized with a polyethylene glycol (PEG) layer ( Supplementary Fig. 8 ). Furthermore, we confirmed that cell curvature, which changes with substrate stiffness and cellular traction forces, has no impact on the validity of the CoCS model ( Supplementary Fig. 9 ). Taken together, while the standard Hertz model underestimates elastic moduli of samples on substrates which are as soft as or softer than the sample, the CoCS model returns correct elastic moduli independent of substrate stiffness.
Blebbistatin reduces 'soft substrate effect'
In previous reports, perturbations of actomyosin contractility were shown to prevent the apparent stiffening of cells on stiffer substrates [26] [27] [28] . When we treated cells with the myosin II inhibitor blebbistatin, elastic moduli of microglial cells significantly decreased by about 20%
( Supplementary Fig. 10 ). In contrast to our control experiments, the measured apparent elastic moduli of treated cells were independent of substrate stiffness and similar for both models (Fig.   5h ). Furthermore, substrate deformability was generally smaller than without treatment ( Fig. 5e) and similar across all different substrates ( Fig. 5g ). As blebbistatin reduced the overall cortical stiffness of the cells, it increased the ratio of
Hence, our data suggest that blebbistatin treatment increased the accuracy of the Hertz model on soft substrates because the contribution of
to the measured total indentation decreased.
Discussion
Here we show that, in AFM indentation measurements, the force exerted on a cell is transmitted to the soft substrate underneath, causing its deformation ( Figs. 1, 2 Fig. 8 ), and cell curvature ( Supplementary Fig. 9 ). The CoCS model does not require any knowledge about the cell-substrate geometry, and it can be implemented in any standard AFM indentation measurement.
Previous reports using a Hertz model-based analysis of AFM indentation data suggested that the stiffness of cells increases with substrate stiffness [9] [10] [11] [12] [13] . We made similar observations when analyzing our own AFM data using the standard Hertz model ( Fig. 6a ). However, when correcting for the 'soft substrate effect' using the CoCS model, elastic moduli of both polyacrylamide beads and the cells remained largely constant and independent of substrate stiffness.
Microglial cells and fibroblasts spread more and exert higher traction forces as the substrate's stiffness increases [29] [30] [31] , as confirmed in this study ( Supplementary Fig. 9a-h) . The current conceptual model explaining cortical cell stiffness-sensitivity to substrate mechanics hypothesizes that, as actomyosin-based traction forces of cells increase on stiffer substrates, the entire actin cytoskeleton stress-stiffens 9-13,26-28,32-36 . However, traction forces in two-dimensional cultures are mainly generated by ventral stress fibers 37 rather than by the cortical actin network.
While it is likely that stress fibers are coupled to the actin cortex, the lack of cortical stiffening in cells cultured on stiffer substrates ( Fig. 5 , Supplementary Fig. 7a ) suggests that cellular traction forces are dissipated with increasing distance from the stress fibres, and that the distant actin cortex itself does not stress-stiffen on stiffer substrates (Fig. 6b ).
In previous studies and our current work, blocking myosin II by blebbistatin abolished the apparent stiffening of cells on stiffer substrates when using the standard Hertz model. These findings were explained by the loss of contractility-driven stress stiffening of the actin cytoskeleton 10,26-28 . However, blebbistatin does not only decrease the contractility of actin fibers (i.e., stress stiffening) but it also reduces the cell's 'base' elastic modulus. Myosin II functions both as a motor protein and as a cross-linker 38 . As blebbistatin blocks myosin II in a detached state 39 , it leads to a decrease in cross-linking of the actin cortex. Because the elastic modulus of a polymer network such as the actin cortex non-linearly scales with the amount of cross-linking 40 , blebbistatin application leads to a global softening of the actin cortex, irrespective of traction forces, and thus to an increase in the
Hence, the 'soft substrate effect' is significantly reduced (Fig. 3e ) and the Hertz model more accurate, providing an alternative explanation for why blebbistatin-treated cells do not seem to 'soften' on softer substrates (Fig.   5f ).
When cells are cultured on stiff substrates, substrate effects in AFM measurements can be avoided by limiting the indentation depth to less than ~10% of the sample height 41, 42 .
Importantly, this is not the case when cells are grown on soft substrates. Depending on the ratio 
Methods
Substrate preparation. Deformable PAA gel substrates as described previously 1, 31, 43 .
Briefly, cover slips were glued into custom-made petri dishes, cleaned and silanized with (3aminopropyl)trimethoxysilane (APTMS; unless otherwise stated, all chemicals from Sigma-Aldrich, Dorset, UK) for 3 min (minutes), treated with glutaraldehyde (diluted 1:10) for 30 min. The supernatant was discarded and replaced by fresh PBS. The labeling and washing procedure was repeated three times. PAA beads were immobilized on the gel substrates by coating the substrates for 2 h with Cell-Tak (Corning Cat No 354240, 1:25 in PBS) and incubating the bead solution overnight at 4°C. By monitoring the beads in fluorescence microscopy during the AFM measurement it was ensured that beads were rigidly bound to the substrate. The strong adhesion resulted in a finite contact area between bead and substrate rather than a point contact ( Fig. 4a and c, insets), making the bead-substrate contact analogous to a cell adhered a substrate, although the beads did not have a half-spherical shape. To investigate the influence of a pericellular coat on cell stiffness measurements, PAA beads were functionalized with a PEG layer. Beads where prepared similar as described above, however, instead of the ABH mix, a mixture of 100 µL of 40% acrylamide 50 µL of 2% Bis-acrylamide and 0.8 µL of Acylic-Acid (Sigma Aldrich, Germany) was generated (ABA-mix). For the PEG coating a 20kDa PEG polymer with NH2 and COOH groups on either end was used (NH2-PEG20K-COOH, Sigma-Aldrich, Germany). The NH2 side of the PEG polymer was bound to the beads by first activating the carboxyl groups 
Culture preparation.
All animal experiments of this study were conducted in accordance with the UK Animals (Scientific Procedures) Act (1986). Primary microglial cells were prepared from neonatal rat cerebral cortices as previously described 44 . Briefly, mixed glia cultures were prepared from neonatal rat cerebral cortices and cultured until they became confluent. Microglia and oligodendrocyte progenitor cells (OPCs) were then shaken-off at 320 rpm for 60 min and allowed to adhere for 20-25 min to uncoated culture dishes (Corning 430591), after which microglia but not OPCs adhere, which were then washed off. Fibroblasts were cultured in DMEM (with 10% FBS, 1% penicillin-streptomycin, glutamax). Microglial cells or fibroblast were then seeded on PAA substrates at a density of typically 10,000 cells/cm 2 Most fitting procedures for AFM data do not take the curvature of cells into account and assume that their surface is flat. This simplification usually only introduces a small error. As shown in our simulations, the influence of the cell curvature on the measured elastic moduli is indeed small and has no effect on the applicability of the CoCS model ( Supplementary Fig. 5 ).
Hence, in our main analysis we did not account for the curvature of the cells. However, as the curvature of cells changes on substrates of different stiffness ( Supplementary Fig. 9m-r) , we corrected both the Hertz and CoCS models for the cell curvature in Supplementary Figure 9 by replacing √ ‫ݎ‬ with ඥ ‫ݎ‬ ܴ ሺ ‫ݎ‬ ܴ ሻ ⁄ 6 . Even when accounting for the cell curvature (for details, see Supplementary Fig. 9m-p) , the elastic moduli of the cells remained constant on all substrates when analyzed using the CoCS model, but appeared to 'soften' on softer substrates when analyzed using the Hertz model ( Supplementary Fig. 9q and r) .
Confocal laser scanning microscopy. Combined AFM measurements and confocal microscopy were performed using a JPK Nanowizard AFM interfaced to a confocal laser scanning microscope (Olympus Fluoview FV1000, Olympus, Hamburg, Germany) equipped with a 40× silicon oil objective (NA 0.9, UPLSAPO, Olympus). For measuring the substrate displacement ( Fig. 1a and b, Supplementary Fig. 1a and d, Supplementary Fig. 2a and b) , ‫ݔ‬ ‫ݖ-‬ profiles were recorded through the cell center, while the cantilever was applied a constant force between 0
. 5 and 1 . 5 n N using the AFM's force feedback. The substrate displacement was calculated by comparison of the two profiles using a modified cross correlation procedure to achieve sub-resolution accuracy (see Supplementary Fig. 1 for details Elastic resonator interference stress microscopy. ERISM substrates with an apparent stiffness of 3 kPa were fabricated as described previously 17 . A silicon chamber (surface area:
1.6 x 1.6 cm 2 , Ibidi) was applied to the ERISM substrate and the substrate surface was functionalized by incubating 1.5 mL of type 1 collagen (Collagen A, Biochrome) at pH 3.0-3.5
for one hour at 37 °C. After functionalization, the substrate was washed with cell culture medium (DMEM w/ glutamax, 10% FCS, 1% P/S; Gibco). 3T3 fibroblasts (Sigma-Aldrich) were seeded at a density of 2,000 cells/cm 2 and cultured for 24 hours. AFM indentation measurements were performed with a Nanosurf FlexAFM on an inverted microscope (Nikon Ti) fitted with a heated stage. A spherical glass bead with a diameter of 12 µm was glued to a cantilever (qp-SCONT, Nanosensors) with a force constant of 0.011 N/m (measured by the thermal-tuning method before attaching the bead). The cantilever deflection was calibrated by pushing the beaded cantilever against a rigid glass substrate using a known z-travel distance. Combined ERISM-AFM measurements were carried out in cell medium at 37 °C. First, maps of the vertical substrate deformation caused by the contractility of the cell were recorded by imaging the reflectance of the ERISM substrate at 201 different wavelengths between 550 and 750 nm as described previously 17 . Next, the AFM cantilever was lowered onto the center of the cell until a compression force of 0.5 nN was reached. The force was kept constant via a feedback loop while repeating the ERISM readout using a reduced wavelength range of 51 nm to accelerate the measurement (<5 s) 18 . The compression force was successively increased to 1.0 nN and 1.5 nN, respectively, and ERISM readout was repeated for both forces. A final ERISM measurement was performed after the AFM cantilever was fully retracted again to ensure cell contractility had not changed significantly over the course of AFM indentation. The substrate displacement under the cell caused by AFM indentation was obtained by subtracting the displacement map of the cell without AFM indentation from the displacement maps taken at the different AFM indentation forces. Filtered ERISM displacement maps (Gaussian blur with 1.6 µm bandwidth) were converted into stress maps using FEM as described in 17 . ), as generally assumed for living cells 15, 24 and hydrogels 21 
